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A Route to Three-Dimensional Structures in a Microfluidic Device:
Stop-Flow Interference Lithography**
Ji-Hyun Jang, Dhananjay Dendukuri, T. Alan Hatton, Edwin L. Thomas,* and Patrick S. Doyle*
Polymeric structures with repeating 2D and 3D motifs at the
micrometer scale and below have a variety of uses. Patterned
2D structures have been shown to have myriad applications in
biosensors,[1] tissue engineering,[2] and diagnostic assay systems.[3] The availability of more sophisticated 3D structures
would enable important advances in photonics,[4] information
storage,[5] and tissue engineering.[6, 7] Many techniques have
been developed to fabricate complex 3D structures at the
micrometer scale and below using either top-down or bottomup approaches. Bottom-up approaches such as polymer phase
separation,[8] molecular self-assembly,[9] or colloidal assembly[10] are cheap and can cover large areas but face defects and
limitations in the type and the geometry of structures that can
be formed. While top-down methods offer precise size and
shape control, the necessary point-by-point or layer-by-layer
processing makes methods such as gray-scale photolithography,[11] direct 3D writing,[12] or two-photon lithography[13] very
time-consuming.
Recently, interference lithography (IL)[14–20] has emerged
as an attractive alternative technique that allows the rational
design of complex and defect-free 1D, 2D, and 3D patterns
over large areas. Besides being fast and efficient, IL also
affords control over geometrical parameters, such as symmetry and volume fractions, of the structures formed. IL
performed using an elastomeric poly(dimethylsiloxane)
(PDMS) phase mask[17] has the further advantage of providing
simple and cheap processing, since only a single collimated
beam is needed to form 3D interference patterns. However,
phase-mask interference lithography (PMIL)[15, 17] is typically
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performed by flood exposing a spin-coated layer of photoresist film through a phase mask, thus imposing some
restrictions on the shape and material properties of the
structures formed as well as limiting the throughput because
of the serial nature of processing. Furthermore, such processes are not easily amenable to the fabrication of chemically
anisotropic structures. Chemical anisotropy refers to the
presence of multiple segregated chemical functionalities or
gradients of one or more chemical functionality in a structure.
The synthesis of structures with controllable material properties and texturing across multiple length scales is important
for a variety of applications, such as tissue engineering,[2] selfassembly,[21] and particle diagnostics.[3] To address this challenge, several microfluidic techniques that combine traditional photopolymerization or lithography with the unique
properties of flow at the micrometer scale have emerged
recently.[22, 23] Doyle and co-workers developed a simple, flowthrough microfluidic process called stop-flow lithography
(SFL)[24] that enables photolithography to be performed in a
flowing stream of oligomer. This setup enables the highthroughput synthesis of large numbers of micrometer-sized
particles in any 2D extruded shape using a variety of polymer
precursors.[24] The method also provides the ability to finely
and conveniently tune the chemical anisotropy of the
structures formed. However, the use of transparency masks
has, to date, restricted this method to the formation of solid
2D shapes with relatively large feature sizes.[22, 25]
Herein, we report a novel microfluidic stop-flow interference lithography (SFIL) technique that integrates the complementary aspects of PMIL with SFL. SFIL enables the highthroughput synthesis of three-dimensionally patterned, transparency-mask-defined polymeric particles with sub-micrometer feature sizes using liquid, biocompatible, oligomeric
precursors. Advantages in throughput result from the ability
to repeatedly form and flush out arrays of structured particles
in under a second. This speed stems from the oxygen-induced
inhibition[26] of free-radical polymerization reactions at
PDMS surfaces, as explained in earlier work.[22] Material
advantages result from the fact that even freely flowing
oligomer liquids of low viscosity can be patterned in a
continuous fashion without the requirement that they be spincoated, exposed, and developed in a step-by-step fashion. The
properties of the structures formed can be finely tuned by
varying light intensity as well as photoinitiator and inhibitor
concentrations. Chemical anisotropy can be introduced by
exploiting the laminar co-flow of liquids in a microfluidic
device, which results from the dominance of diffusive over
convective transport.[27] The formation of such anisotropic,
patterned structures using SFIL is shown. Finally, the utility of
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corresponding to the shape of the desired structure is placed
in the field stop of the microscope or in the path of the laser.
Liquid poly(ethylene glycol) diacrylate (PEGDA) oligomer
containing photoinitiator flows through the microfluidic
device, as described in the Experimental Section. Poly(ethylene glycol)-based (PEG-based) hydrogel polymers, which
minimize nonspecific binding, are well-suited for use in
biological applications. We illustrate the method by forming
PEGDA equilateral triangular prisms with a side length of
60 mm and a thickness of 25 mm using a phase mask that has a
square, 2-mm periodic surface pattern. The particles are
formed in a stationary layer of oligomer film using an
exposure time of 300 ms and then flushed out into a reservoir.
Differential interference contrast (DIC) images of the
structures right after they are formed in the channel are
shown in Figure 1 b. In Figure 1 c, we show DIC images of the
particles from Figure 1 b after they have been suspended in
ethanol. The phase-mask-induced pattern is clearly visible in
the close-up DIC and SEM images of the triangular particles
shown in the inset of Figure 1 c. These monodisperse, 60-mm
particles were synthesized at
a rate of 10 000 per hour.
SEM images of the typical structures formed by
SFIL are shown in Figure 2.
An image of the microfluidic
device integrated with the
phase mask and of the phase
mask (inset) are shown in
Figure 2 a. To minimize an
inherent DC offset of the
light intensity and to better
control the propagation of
radical transfer, we added a
small amount of radical
inhibitor (hydroquinone).[28]
By controlling light intensity
and inhibitor concentration,
structures with different surface
morphologies
and
volume fractions are formed
from the same phase mask
(Figure 2 b,c,d).
Figure 2 b
was obtained at low exposure
time and with a large amount
of inhibitor. The inset shows
the cross-sectional view of
Figure 1. SFIL experimental setup. a) Schematic drawing showing the PDMS microfluidic device integrated
the structure.[29] 3D strucwith a PDMS phase mask. Shutter-regulated and transparency-mask-defined light from a pulsed laser or
tures with higher volume
from a Hg lamp enters through the phase mask and into the stationary oligomer film that is contained in
fractions than Figure 2 b are
the microfluidic device. This procedure results in the formation of an array of structures, each of which
formed under conditions that
contains a 3D pattern defined by the phase mask. The patterned particles are flushed out, and the flow is
lead to higher cross-linking
stopped before another array of particles is formed.[24] A cross-sectional view of the device is shown in the
inset on the right side of (a). In our setup, the phase mask is separated from the liquid oligomer by a 3-mmdensity (e.g. longer exposure
thick spin-coated layer of PDMS. The posts in the phase are arranged with d = 1 mm and p = 2 mm.
time and less inhibitor, Figb) Brightfield image of an array of patterned triangles of side length 60 mm formed in a 600-mm-wide and 30ure 2 c). Interestingly, flowermm-tall microfluidic device. The triangles have been delineated because of the low contrast between the
shaped structures, which are
uncrosslinked oligomer and the particles. The granularity of the background is caused by the presence of the
difficult to obtain with other
phase mask. c) DIC image of the triangles shown in (b) after they have been suspended in ethanol. The
techniques, are generated
patterned grid-like structure formed by the phase mask is visible on the surface of the particles and seen
reproducibly when lightly
more clearly in the inset SEM image.
the patterned particles in increasing the sensitivity of particlebased biosensors is demonstrated.
A schematic diagram of the setup used for SFIL is shown
in Figure 1. The microfluidic device and the phase mask, both
molded in PDMS, are sealed to each other as shown in the
cross-sectional view in Figure 1 a. When collimated light
passes through the phase mask, a complex 3D distribution of
light intensity is generated. This distribution induces crosslinking of the oligomer only in the high-intensity regions, thus
leading to the formation of a 3D structure. A protective, 3mm-thick PDMS layer is laminated on top of the phase mask
to prevent the liquid oligomer from filling up the interstitial
spaces that provide the refractive index difference that is
required when light traverses through the phase mask. We
used microfluidic devices with a lateral dimension of 1–5 mm
to synthesize both millimeter-sized structures as well as arrays
of micrometer-sized particles. The integrated device is placed
on a microscope stage, and collimated light is provided either
by a laser or by unfocused UV light from a Hg lamp that
passes through a blackened, hollow metal tube. A mask
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Figure 3. Optical microscope images of Janus particles. a) DIC image
of the microfluidic channel showing co-flow of rhodamine-labeled and
unlabeled oligomer streams as well as faint images of circular prism
regions after two stop-flow exposures. b) DIC image (left) and fluorescence microscopy image (right) of a three-dimensionally patterned
Janus particle.

Figure 2. Images of PEGDA structures with various morphologies and
volume fractions formed using the same phase mask. a) Optical
microscopy image of the microfluidic channel viewed through the
phase mask. The inset shows the SEM image of the phase mask.
b) SEM image of a PEGDA structure fabricated in a microfluidic
channel at short exposure time and with a large amount of inhibitor
(700 ms, 1.2 wt % hydroquinone). The inset shows the cross-sectional
view of the structure. c) SEM image of PEGDA fabricated at longer
exposure time and with less inhibitor (1000 ms, 0.3 wt % hydroquinone). d) SEM image of a shrunken PEGDA structure with resultant
flower shapes. Such structures are typically formed at much shorter
exposure time than required to form firm posts (300 ms, 1.2 wt %
hydroquinone).

cross-linked hydrogel structures shrink in ethanol (Figure 2 d). The controlled porosity of such structures may be
useful for applications such as size-based separations or to
serve as flow-through stretching devices for DNA.
An important advantage of laminar flow in microfluidic
devices is that it permits the creation of chemical anisotropy
in flowing liquids. The flow can be homogenized only by the
slow process of diffusive mixing, since convective mixing is
negligible at these length scales. Several applications of this
chemical confinement phenomenon have been reported,
including the synthesis of chemically inhomogeneous particles.[22, 25] One unique advantage of combining IL with
microfluidics is the ability to synthesize chemically inhomogeneous 3D structures. As an illustrative example, Janus
particles, which have two hemispheres made of different
materials, with 3D patterns can be synthesized by co-flowing
parallel streams of two different monomers (PEGDA and
rhodamine-labeled PEDGA, Figure 3 a). A brightfield image
and a fluorescent image of a 75-mm-diameter circular disk,
only half of which has been labeled with fluorescent dye, are
shown in the left and right of Figure 3 b, respectively. The
anisotropy of the structures can be tuned by moving the
position of the fluid–fluid interface relative to the lightintensity pattern. It is also possible to synthesize structures
with concentration or porosity gradients using similar methods. In tissue engineering, such structures may be used to
create a gradient of molecules on the surface of a biocompatible scaffold or to localize growth factors in a specific
Angew. Chem. Int. Ed. 2007, 46, 9027 –9031

region. These factors can influence cell adhesion and migration, thus providing functional cues to cells.[2]
One of the most promising uses of polymeric particles is
for sensing and diagnostic applications.[3] In such applications,
a probe molecule on the surface of the particle binds to a
target fluorophore molecule in solution. The particles are
then washed to remove unbound fluorescent target molecules.
The presence of the target in the original solution can be
inferred from the intensity of the fluorescent signal emanating
from the particle surface. The sensitivity of such particledetection assays is critically dependent on the number of
probe molecules that are present on the surface of the
particle. Increasing the surface area of the particles by
creating intricate patterned networks on the surface enables
the synthesis of particles with extremely high ratios of surface
area to volume. We formed 500-mm-diameter, 50-mm-tall diskshaped hydrogel particles containing probe DNA molecules
(Figure 4) using SFIL. These particles were then mixed with
target DNA fluorophore molecules for hybridization and
subsequently washed to remove unbound target. We find that
the use of SFIL permits a tenfold increase in signal intensity
compared to that observed with the control structure, which
was a flat hydrogel structure formed without IL. When there
is a great excess of target molecules compared to probe
molecules, light intensity is assumed to vary linearly with
probe density. Therefore, the surface area of the SFIL
structures is inferred to be an order of magnitude greater
than that of the control structures. This result implies that
biosensors with 3D patterns could be used to greatly increase
the sensitivities in particle assays.
In conclusion, we have shown that combining interference
lithography with a flow-through microfluidic device offers
several advantages. By synthesizing structures in hydrogel
polymers that are not usually amenable to spin-coating, we
are able to expand the range of materials available to
interference lithography. The use of SFIL permits the highthroughput synthesis of mask-defined 3D structures whose
length scales span three orders of magnitude (e.g. 1–1000 mm).
In addition, various 3D structures with different surface areas
and morphologies could be generated from one phase mask
by controlling the interference intensity distribution of light
and the concentration of inhibitor. By adopting a stop-flow
exposure scheme, particles with 3D structures at the submicrometer scale were generated in a high-throughput
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Figure 4. Increased detection sensitivity provided by patterned structures over unpatterned structures. a) Brightfield optical image of a flat
hydrogel structure formed without IL. b) Brightfield image of a
patterned structure formed using SFIL. c) Image of the region highlighted in (a) taken using a fluorescence microscope. The signal
shown is very weak because of the low density of probe molecules on
the surface of the particles. d) Fluorescent image of the structure seen
in (b). The signal shown is strong at the same conditions as in (c)
because of the high density of probe molecules on the surface. In (c)
and (d), the field-stop aperture was closed down to collect signal from
a small circular portion of the structure, corresponding to the highlighted regions in (a) and (b), respectively.

fashion in a microfluidic device. A wide range of materials,
such as stimuli-responsive polymers, biocompatible polymers,
and polymer–nanoparticle composites, can also be used for
particle structure formation. By exploiting the diffusionlimited mixing seen in a microfluidic device, we have
synthesized chemically anisotropic 3D structures. Such structures may be used to provide optimal conditions for cell
growth and viability in tissue-engineering applications. It was
also shown that the high ratio of surface area to volume of the
structures may be used to generate high fluorescent signal
intensities that could be of benefit to a variety of sensing and
diagnostic applications. SFIL could be used for the highthroughput generation of three-dimensionally patterned 2D
structures to conduct cell-material assays in a multiplexed
fashion or to fabricate large numbers of microtissue templates.[30] Optimizing the materials used could also result in
the formation of sub-micrometer 3D colloidal particles by
disconnecting the structures after formation.[31]

Experimental Section
Details of the fabrication of the PDMS phase mask, the microfluidic
device, and the stop-flow lithography setup are given in the
Supporting Information.
Photopolymerization setup: A 100 W HBO mercury lamp with
an i-line filter (Omega Optical) was used to provide 365.5-nm UV
light. Light was collimated by passing the unfocused light (no
objective in place) from the microscope through a 30-cm-long, 1-cmdiameter hollow metallic tube that was blackened on the inside. Light
intensity was measured to be 5 mW cm 2. A VS25 shutter system
(Uniblitz) driven by a computer-controlled VMM-D1 shutter driver
provided specified doses of UV light. Typical exposure times used
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were 500–1000 ms. If required, photo masks (CAD Art Services,
Bandor, OR) were inserted into the field stop of the microscope.
Photopolymerization: The 3D structures were made using 1 wt %
Irgacure 819 (Sigma Aldrich) or Irgacure 184 initiator and 0.6–
1.2 wt % hydroquinone in poly(ethylene glycol) (400) diacrylate
(PEGDA, Polysciences). Exposure for 300–1000 ms with pulses of
160 fs from the frequency-doubled output of a Ti:sapphire laser
operating at 390 nm and a repetition rate of 250 kHz were used. The
sample morphology was analyzed with SEM (JEOL 6060 and
FESEM JSM-7401)
Oligonucleotide incorporation: For hybridization experiments,
we used monomer solutions of 2:1 PEGDA:TE Buffer [10 mm 2amino-2-hydroxymethyl-1,3-propanediol (Tris) pH 8.0 (Rockland),
1m minocycline/ethylenediaminetetraacetic acid (MEDTA, OmniPur)] with 1 % initiator and a DNA oligomer probe at a concentration
of 50 mm. Oligomer probes (IDT) came modified with a reactive
acrydite group and 18-carbon spacer (Probe #1: 5 AcryditeC18ATAGCAGAT CAG CAG CCAGA-3, probe #2: 5 AcryditeC18CAC TAT GCG CAG GTT CTC AT-3).
Oligonucleotide detection: Particles were pipetted into separate
PDMS reservoirs for each hybridization experiment. Complementary
target DNA oligomers modified with a Cy3 fluorophore (IDT) were
suspended at a concentration of 1 mm in hybridization buffer [TE
buffer with 0.2 m NaCl (Mallinckrodt) and 0.5 % sodium dodecyl
sulfate (SDS, Invitrogen)]. Solutions of target oligomer were pipetted
into the appropriate reservoirs, and the particles were incubated for
10 min at room temperature. The particles were then rinsed several
times with TE buffer and visualized using an orange longpass filter set
(XF101–2, Omega), which is compatible with both rhodamine B and
Cy3 fluorophores. Still images were captured using a Nikon D200
digital camera.
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